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This paper documents a process for analyzing whether a particular supersonic aircraft 
configuration layout and a given cruise condition are feasible to achieve a trimmed low- 
boom design. This process was motivated by the need to know whether a particular 
configuration at a given cruise condition could be reshaped to satisfy both low-boom and 
flight trim constraints. Without such a process, much effort could be wasted on shaping a 
configuration layout at a cruise condition that could never satisfy both low -boom and flight 
trim constraints simultaneously. The process helps to exclude infeasible configuration 
layouts with minimum effort and allows a designer to develop trimmed low-boom concepts 
more effectively. A notional low-boom supersonic demonstrator concept is used to illustrate 
the analysis/design process. 


Nomenclature 


Ae 

= 

equivalent area 

Ae,m 

= 

Mach equivalent area 

Ae,i 

= 

integrated equivalent area 

Ae,r 

= 

reversed equivalent area 

BL 

= 

body length 

CFD 

= 

computational fluid dynamics 

CG 

= 

center of gravity 

CP 

= 

center of pressure 

dp/p 

= 

non-dimensional pressure ( p-pF)lp «, where p is static pressure and p oo is free-stream static pressure 

(dp/p)r 

= 

non-dimensional pressure reversely propagated from dp/p using augmented Burgers’ equation 

F 

= 

Whitham’s F-function 

M 

= 

free-stream Mach number 

OML 

= 

outer mold line 

PLdB 

= 

perceived level (dB) 

V 

= 

coordinate for the axis of flow direction 


= 

equivalent length 

p 

= 

Prandtl-Glauert factor a/M 2 * — 1 

8 

= 

distance from a configuration to an off-body location 

y 

= 

specific heat ratio 

e 

= 

azimuth angle 

P<X) 

= 

free-stream density 

U DO 

— 

free-stream velocity 



I. Introduction 


T REMENDOUS advances in research related to low-boom supersonic configurations have been made in the past 
few years. References after 2010 include validation of CFD methods for computing off-body pressure 
distributions 1 ' 10 by using novel wind tunnel measurement techniques, 11 ' 17 new methods for design of low-boom 
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supersonic configurations, 18 " 37 and development of low-boom supersonic concepts that include nacelles and some 
mission constraints. 28 ' 41 

One of the remaining technical challenges in development of low-boom supersonic concepts is the difficulty of 
knowing when to continue work on the current configuration layout for a trimmed low-boom design and when to 
move on with a more promising concept. It is not unusual to work on a seemingly promising concept for many 
months, and then realize that it would be impossible to achieve a trimmed low-boom design by only morphing the 
OML at the given cruise condition. The flight trim constraint hinders the low-boom potential of a supersonic 
concept. Here the flight trim constraint is defined as follows: the location of CP is ahead of the most aft CG during 
the cruise segment [s] for the specified flight mission requirements. 

This paper introduces a process for evaluation of any configuration layout as a viable candidate for a trimmed 
low-boom design at a given cruise condition. By exploring the design space for cruise conditions and the related 
trim-feasible low-boom targets, one could determine with confidence whether a given configuration layout is 
feasible to be shaped into a trimmed low-boom design at the specified cruise condition, and if not, what 
modifications are appropriate to achieve such a design. The modifications considered in this paper involve cruise 
Mach number, cruise altitude, vehicle length, wing planform, and fuselage/wing/tail shapes. 

The key insight behind the feasibility analysis/design process is the validity of an approximation relationship 33 
between the equivalent area defined by Mach angle cuts of a CFD surface solution and the reversed equivalent area 29 
( A e ,r ) defined by off-body pressure distribution. Using this approximation, a surrogate model could be built to 
predict the flight trim constraint violation for a given A e ,r target and allows the incorporation of a flight trim 
constraint in low-boom A e ,r targets. By generating a trim-feasible low-boom A e ,r target, Ordaz, Geiselhart, and 
Fenbert 37 successfully developed a trimmed low-boom concept of 108 ft in length, at a cruise Mach of 1.6, a cruise 
altitude of 51,700 ft, and a cruise weight of 21K lbs. A trim-feasible low-boom A e , r target allows designers to shape 
a configuration for a low-boom constraint, while the resulting low-boom design automatically satisfies the flight 
trim constraint. 


Y 
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Figure 1. OpenVSP model for a V-tail supersonic low-boom demonstrator concept of 100 ft in length. 


A notional low-boom supersonic demonstrator concept (shown in Fig. 1) will be used to explain and illustrate 
the feasibility analysis/design process. The flight condition is set at a cruise Mach number of 1.5, cruise weight of 
21K lbs, and cruise altitude between 45K and 55K ft. The configuration has a body length (BL) of 100 ft and a 
single [flow-through] engine. The fuselage satisfies a realistic volume constraint for an existing cockpit and the 
flow-through nacelle is sized to represent an existing engine for a flight demonstrator concept. Some simple rules for 
thickness-to-chord ratios of airfoils (such as a thickness -to-chord ratio of 5% for the tip airfoil) are enforced to avoid 
unrealistically thin wings. One important geometry constraint for a demonstrator concept ( i.e ., the fuselage and wing 
volume constraint for landing gear) is not considered in this study. Vehicle Sketch Pad (OpenVSP) 43 is used to 
generate the initial geometry concepts and a shape morphing tool PROTEUS 44 is used for design changes in CFD- 
based shape optimization. Analytical methods in FLOPS 42 are used to estimate CG of the notional concept in this 
paper. 
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Note that uncertainty in CG location could have a detrimental effect on the feasibility analysis/design process. 
The “as-built” CG can be significantly different from the FLOPS estimate. If the estimate of CG location is far 
forward of the actual location, then the designer might unnecessarily move the wing forward to satisfy the flight trim 
constraint. This unnecessary move could lead to a layout that is infeasible with respect to the low-boom constraint. 
On the other hand, if the CG estimate is far aft of the actual CG location, then the aircraft will be shaped to satisfy 
the low-boom constraint at the wrong trim condition and the resulting configuration will have to deploy control 
surfaces (such as flaps) to achieve a trimmed flight. The deployed control surfaces could significantly increase the 
sonic boom level of the configuration, exceeding the goal PLdB value and making the configuration infeasible for 
the low-boom constraint. 

The off-body pressure calculations use the automated Cart3D 45 analysis process described in Ref. 46. Figure 2 
shows the Cart3D contour plots for an OpenVSP geometry model. The propagation of dp/p at 3 body lengths 
through the standard atmosphere to the ground is computed using sBOOM, 47 a wave propagation code using 
augmented Burgers’ equation. 



Figure 2. Cart3D pressure contour plots for an OpenVSP geometry model. 


The paper is organized as follows. Section II gives a brief review of various definitions of equivalent area and 
their relationships. Section III describes the feasibility analysis/design process by using the notational 100ft 
demonstrator concept as an example. Necessary post-design verification analyses (such as grid sensitivity analysis 
and off-track sonic boom analysis) are also described in section III. 


II. Various Definitions of Equivalent Area 

Traditional sonic boom analysis uses equivalent area defined by Mach angle cuts of the surface pressure and 
volume distributions of a supersonic configuration. 48 This traditional approach gradually evolved from using linear 
methods for estimating surface pressure distributions to using CFD surface pressure distributions. The resulting 
equivalent area distribution will be referred to as Mach equivalent area ( A e , m )• Mach equivalent area was useful to 
compute the sonic boom characteristics of the early supersonic fighters or to predict near-field pressure distributions 
of a slender wing-body configuration in the wind tunnel. Mach angle cuts for a given azimuth angle 6 defines a 
Mach equivalent area distribution A e , m (x,0). If the configuration is not a body of revolution, A e ,m(x,6) varies as the 
azimuth angle changes. The relationship between A e , m and near- field pressure distribution of a supersonic 
configuration at azimuth angle 6 can be established by using Whitham’s F-function: 49 


F(x,6) 


i r x A e>m (t,ey 

2TT J 0 y/x-t 


( 1 ) 
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where A e , m (t,Q )" is the second derivative of A e , m (t,0 ) with respect to t. Whitham’s F-function is approximately 
proportional to the non-dimensional pressure dp/p along the flow direction: 


(dp/p)(x,0) 


y M 2 F(x - S/3, 9) 

4W 


( 2 ) 


where y is the specific heat ratio, 8 is the distance from the pressure location at azimuth angle 6 to the configuration, 
M is the free-stream Mach number, and /? is the Prandtl-Glauert factor VM 2 — 1. Equation (2) predicts that the initial 
pressure rise location at a distance 8 is approximately at x = 8 /?, assuming the initial pressure rise location on the 
body is at v = 0. While Eq. (2) provides a reasonably accurate prediction of dp/p of a supersonic configuration for 
the front part of the pressure signature, the prediction for the aft pressure distribution is usually inaccurate. 

The current state-of-the-art sonic boom analysis uses a CFD off-body pressure distribution and propagates the 
CFD pressure to the ground using the augmented Burgers’ equation. Even though there is no theoretical criterion for 
the distance 8 \ a standard practice is to use an off-body distance of at least three body lengths away from the 
configuration. In this paper, all off-body pressure distributions for sonic boom propagation are calculated at 3 BL 
away from the configuration. 

Whitham’s F-function formula leads to an integral representation of A e ,m(x,9) in terms of F(x,6)\ 


Ae,m(x t 9J 


4-f F(t, 0)Vx — tdt 
Jo 


(3) 


Using Eqs. (2) and (3), one can obtain the following integrated equivalent area from off -body pressure distribution: 


Ae t i C U 


y M 2 


f ( dp/p)(t 

Jo 


+ x es , 6 ) V* — t dt 


(4) 


where x es is the initial pressure rise location of ( dp/p)(x,0 ). In general, x e s is noticeably different from 8 /?, 
predicted by Eq. (2). Equation (4) agrees with Eq. (27) in Ref. 19 or Eq. (16) in Ref. 24 if x es is removed. 

The integrated equivalent area does not account for nonlinearity of wave propagation from the configuration to 
the off-body location. Figure 3 shows the under-track dp/p distributions of the configuration in Fig. 1 at four 
different locations, shifted forward for easy comparison. Note that the distance from the initial pressure rise location 
to the pressure rise location near x = 50 is reduced during the propagation from 0.5 BL to 3 BL. 



Figure 3. Under-track dp/p at different off-body locations. 
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In an attempt to construct a body of revolution whose pressure distribution at a given off-body location is 
identical to that of the aircraft configuration, the pressure distribution at the off-body location is reversely 
propagated to a location ( 8 r ) closer to the configuration to obtain the reversed pressure distribution ( dp/p) r {x , 0). 
The rationale is that the reverse propagation via the augmented Burgers’ equation is more accurate than linear 
scaling to predict which body of revolution would generate the dp/p at the off-body location 8. For the same 
configuration in Fig. 1, the F-functions for the integrated and reversed equivalent areas are given in Fig. 4, which 
shows that the shock location of the F-function for A e>r near v = 50 correlates better with the shock location of dp/p 
at 1 BL than the one for A e ,i 



Figure 4. F-functions for the integrated and reserved equivalent areas. 


The reversed equivalent area A e ,r(x,6) is defined similarly as A e ,i(x,6)\ 29 


A e rC^f 


4 f + X 0r , 6) Vx-t dt 


(5) 


where x dr is the initial pressure rise location of (dp/p) r (x, 6). In this paper, S r is 50 ft for all reversed equivalent 
area calculations. Further study is required to identify which body of revolution actually generates the same CFD 
dp/p at an off-body location 8 as the aircraft configuration. 

An important property of the reversed equivalent area is that the change of A e ,m(x, 6) is an accurate first order 
approximation of the change of A e , r (x,6 ): 33 

< e r Sign (x, B) * < a r seline (x, B) + <™ gn (*, B) - ^ eline (x, B) (6) 

The right-hand side of Eq. (6) is called the mixed-fidelity reversed A e . 33 Equation (6) was successfully applied to 
volume and lift shaping to generate low-boom supersonic concepts using CFD analysis of dp/p at 3 BL. 33 It was also 
used to generate low-boom targets for A e , r that implicitly include a flight trim constraint. 37 Again the formula will be 
used implicitly in this paper to determine whether a given configuration is feasible to be shaped into a trimmed low- 
boom design. 

Note that Eq. (6) can also be applied to A e j instead of A e ,r to obtain the fixed-fidelity integrated A e . An analysis 
of equivalent areas for wing camber change of a 100ft configuration (see Fig. 5) can provide some intuition on the 
differences between A e ,i and A e , r . The analysis results are plotted in Figs. 6 and 7. The mixed-fidelity reversed A e is 
a much better prediction for A e ,r than the corresponding one for A e ,i in this case, i.e., the differences between the 
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mixed-fidelity and actual reversed equivalent areas are much smaller than the ones between the mixed -fidelity and 
actual integrated equivalent areas. Other cases studied so far have shown similar trends. 



Figure 5. Original wing (blue color) vs modified wing (red color). 



Xe (ft) 

Figure 6. Comparison of under-track equivalent areas for wing camber change. 
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Figure 7. Comparison of off-track equivalent areas (with off-track angle of 35 deg) for wing camber change. 
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III. Feasibility Analysis/Design Process 

The complete feasibility analysis/design process including both low-boom and flight trim constraints can be 
illustrated by the following diagram: 


OpenVSP geometry or other 


Verify feasibility for low-boom 


Wing planform design for 

component-based geometry 


constraint (length/Mach trades) 


trim constraint 
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Off-track analysis of low-boom 
feasibility (mesh refinement) 





— 


Feasibility for low-boom and trim 
constraints (target matching) 





Construction of trim-feasible 
low-boom equivalent area 
targets (altitude trades) 





Figure 8. Diagram of feasibility analysis/design process. 


The blue arrow is the path for successfully meeting the design goal, while the red arrow is the path for detection 
of infeasibility. Two critical trades during this process are (1) length/Mach trades for the low-boom constraint and 
(2) altitude trades for the best low-boom target under the flight trim constraint. Recall that the flight trim constraint 
is implemented by forcing the CP at the cruise condition to be ahead of the most aft CG location. The most aft CG 
location is based on how far back the CG of the configuration can be moved by moving fuel during each flight 
phase. The flight trim constraint allows the vehicle to maintain the same low-boom shape for trimmed flight during 
the cruise. A low-boom A e ,r target means that the perceived loudness level of its ground signature is significantly 
lower than the goal PLdB level. In this paper, the goal PLdB level is 75 PLdB. The actual target PLdB value 
depends on how much uncertainty a designer is willing to endure during concept exploration. 

Here is a brief description of the entire concept exploration process. After generating a plausible layout with 
some practical considerations (such as the sizes of nacelle and cockpit), low-boom targets for A e , r will be generated 
for the configuration. If the configuration’s A e , r can match a low-boom target with relatively small errors (such as 
less than 3%) by lift tailoring, then this configuration is considered to be feasible for the requirement of low-boom 
constraint. Vehicle length or cruise Mach number are effective design variables to achieve the low-boom goal and 
several iterations might be necessary to achieve a desirable combination. The next step is to determine whether the 
layout is feasible for a wing planform that satisfies the trim constraint while retaining low-boom characteristics. 
Here retaining low-boom characteristics means the capability to tailor the lift distribution in the aft part of the 
configuration. Once such a wing is obtained, a search of optimal cruise altitude is conducted to achieve the lowest 
boom target for A e ,r of the trimmed configuration, while enforcing the trim constraint implicitly in the target by 
using a surrogate model for predicting the change of CP (see Eq. (7)). If the lowest boom target for A e>r under trim 
constraint is not quiet enough for the low-boom constraint, then it indicates the infeasibility of this configuration 
layout to satisfy both low-boom and trim constraints. Significant configuration layout modifications might be 
required either to improve the feasibility of the trim constraint (such as a forward move of wing planform) or to 
improve the feasibility of the low-boom constraint (such as an increase of the vehicle length or a reduction of the 
cruise Mach number). Once a trim-feasible low-boom target for A e , r is achieved, a variety of volume and lift 
tailoring methods can be used to match the A e ,r of the configuration to the low-boom target. Numerous case studies 
have demonstrated that these methods can tailor the configuration to achieve shaped ground signatures with 
perceived loudness around 78 PLdB. Matching a trim-feasible low-boom target has a minimum effect on the change 
of the cruise CP during the shaping process. As a result, the final configuration has similar cruise trim characteristics 
as the trim-feasible baseline, so it satisfies both low-boom and trim constraints. The final design is reanalyzed by 

7 

American Institute of Aeronautics and Astronautics 








using off-track ground signatures as well as refined volume meshes to identify any off-track ground signature 
degradation or insufficient design mesh resolution issues. 

The following subsections include a case study example to demonstrate how to start with a layout that is 
infeasible for a trimmed low-boom design and develop a trimmed low-boom design by using the process outlined 
above. 

A. Initial Assessment of Feasibility for Low-Boom Constraint 

A 100ft low-boom demonstrator concept was sketched using OpenVSP (see Fig. 9). The design condition was 
set at a cruise Mach of 1.5, a cruise weight of 21K lbs, and a cruise altitude of 50K ft. Under-track dp/p at 3 BL was 
used to compute the perceived loudness of the ground signature. The low-boom design methods in Refs. 29 and 33 
were applied to match A e ,r to a low-boom target. The analysis results were summarized in Fig. 10. This 
configuration was considered to be feasible to achieve a ground signature of 75 PLdB by further shape modifications 
because of the small gaps between its reversed equivalent area and a low-boom target of 69.3 PLdB. 




Xe(ft) 

Figure 10. Matching the reversed equivalent area to a low-boom target. 


However, the FLOPS estimate of the most aft CG (achievable via fuel pumping) of this configuration is at v = 
73.8 ft, while CP of this configuration calculated from Cart3D solution is at v = 78.4 ft. Here the cruise flight 
segment is defined by flying at Mach number of 1.5 for 100 nmi at 50K ft in FLOPS analysis. As a result, this 
configuration must use control surfaces to satisfy the flight trim constraint instead of moving fuels, control 
surfaces must be used to move the CP to the CG location during the cruise flight). The use of the control surfaces 
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will change the OML of the configuration, which will have an adverse effect on the configuration’s low-boom 
characteristics for the cruise flight. In this example, it is not possible to move the CP forward by 5 ft without 
significant changes of the wing and/or tail of this configuration. Therefore, this concept was deemed to be infeasible 
for a trimmed low-boom design. 

B. Design of Wing Planform for Flight Trim Constraint 

The most effective approach for moving CP forward is to move the centroid of wing forward. Two constraints 
are enforced in wing planform exploration: (i) the trailing edge of the root airfoil is a few feet behind the engine inlet 
to shield the inlet shock and (ii) the trailing edge of the tip airfoil is behind the leading edge of the tail to provide a 
full range of lift tailoring capability for the aft part of the configuration. Figure 1 1 includes two wing planform 
candidates. The top wing is not forward enough to satisfy the flight trim constraint, while the bottom one satisfies 
the trim constraint. This step was mainly done manually because of the difficulty of selecting a set of wing design 
variables and their design ranges to generate a desirable wing planform. Several design-of-experiments runs were 
conducted during the interactive design process to find the feasible wing planform for the flight trim constraint while 
enabling aft low-boom shaping. 



Figure 11. Wing planform (green) improves flight trim while enabling aft low-boom shaping. 


The most aft CG for trimmed cruise flight of this configuration with the bottom wing is at 72.5 ft, while the CP 
of the configuration is at 74.0 ft, 73.5 ft, and 73.3ft for altitudes of 50K, 53K, and 55K ft, respectively. The 
differences in CP locations are due to different lift coefficients (or angles of attack) at different altitudes for the same 
cruise weight. As a result, the configuration with the bottom wing in Fig. 1 1 was selected for low-boom shaping at 
the cruise altitude of 55K ft. The most aft CG location is very influential in a design process to generate a supersonic 
configuration that satisfies both low-boom and flight trim constraints. The trim constraint violation of 0.8 ft in this 
case was tolerated because it is less than the uncertainty in the CG location at this stage of the analysis and design 
process. 


C. Trim-Feasible Low-Boom Target for Reversed Equivalent Area 

The under-track equivalent area analysis results of the down-selected configuration are plotted in Fig. 12. The 
key question is whether this configuration can be shaped into a low -boom design while maintaining the feasibility 
for flight trim constraint. The goal is to find a low-boom target such that the gaps between A e , r and its target can be 
significantly reduced by lift tailoring while not moving CP aftward. Figure 12 shows a trim-feasible low-boom 
target for A e , r . 

The low-boom feasibility is assured by perceived loudness of 72.4 PLdB for the target. The trim feasibility for 
the low-boom target is enforced by the following constraint: 


^ r (<**(0 - A e ,(t))' tdt<T< 0 (7) 

P J X 0 

where xo and xi represent the initial and end locations of the nonzero Mach cuts for equivalent area due to lift (see 
Eq. (3) in Ref. 48 for the relationship between equivalent area due to lift and the lift distribution along the Mach 
cuts), the azimuth angle symbol 6 is ignored for under-track equivalent areas, x controls how strongly the flight trim 
constraint needs to be enforced, and the superscript outside the parenthesis in Eq. (7) denotes the derivative with 


respect to t. The expression 


Poo"* 




provides a good approximation of the potential lift distribution 
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changes required to match the target. Therefore, the left term in Eq. (7) represents the potential of CP forward 
movement after matching the low-boom target. If lift tailoring does generate a design that matches the target, then 

f 1 (4r n (t) - ^ eline (t))' t dt * f 1 (4f gn w - ^r line (o)' t dt « f 1 (47 et w - A e ,M)' tdt<^-< o (8) 

J X 0 Jx 0 Jx 0 Poo U °° 



In Eq. (8), the first approximation relation follows Eq. (6) and the second is based on the assumption that A^ e r slgn 
matches the target. Lift tailoring implies that the change of A e ,m is dominated by changes in lift distribution. As a 

result, Po ° ]J ^ 0 (^ ign (x) - A“ ne (x)) is a good approximation of lift distribution changes along the x-axis (see Eq. (3) 

in Ref. 48). Therefore, the first term in Eq. (8) multiplied by Po ° l] J 0 is a good approximation of the change of CP for 

the design. If this change is negative, the lift tailoring process tends to keep CP of the new design ahead of CP of the 
baseline, which is desirable for the flight trim constraint. More negative t leads to more forward location for CP of 
the final design. 

In practice, one can trade the low-boom constraint and flight trim constraint by using PLdB and the mid A e 
location of the target using a multi -objective optimization algorithm. Here the mid A e location is the location such 
that its equivalent area is half of the A e value at the end point of the target curve (see Fig. 12). Figure 13 shows the 
Pareto front of a multi-objective optimization run for trades between PLdB and mid A e location. The trade-off 
relationship between PLdB and the mid A e location tends to be linear. A simple rule for a trim-feasible target is to 
pick a Pareto point in Fig. 13 with the smallest mid A e location and PLdB less than 75. Then check whether Eq. (7) 
is satisfied or not. If not, this is a strong indication that the current configuration is not feasible to satisfy both low- 
boom and flight trim constraints at the given cruise condition. In the case that one could not find a feasible target, 
changing the cruise altitude is the easiest option to resolve the conflict between low-boom and flight trim constraints 
because it will change A e , r of the current configuration and lead to different low-boom targets. If an altitude change 
does not result in a feasible solution, then one has to reconsider a reduced cruise Mach number or an increase of the 
vehicle length to satisfy the low-boom and flight trim constraints. For this example, the optimal target with mid A e 
location at 56 ft in Fig. 12 satisfies Eq. (7) with xo = 33 ft, xi = 105 ft, and x = 0. So this configuration has the 
potential to satisfy both low-boom and flight trim constraints for a cruise Mach number of 1.5, a cruise weight of 
21K lbs, and a cruise altitude of 55K ft. Note that the CP of the configuration is at v = 73.3 ft, which is still behind 
the most aft CG at v = 72.5 ft. Due to uncertainty in the estimation of CP location using equivalent areas, the flight 
trim constraint is not strictly enforced at the moment. The margin in PLdB of the target can be used to trade for trim 
margin later in the process. 
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Figure 13. Searching for a trim-feasible low-boom target. 


D. Matching Trim-Feasible Low-Boom Target 

The design method using mixed-fidelity equivalent area 33 was used to match A e ,r of the configuration to the 
selected target. The wing and tail camber surfaces were remodeled as parametric geometry shapes with 9 and 5 
design variables, respectively, using the shape morphing tool PROTEUS. 44 To match the mixed -fidelity equivalent 
area to the target, a numerical optimization was performed using 14 design variables and CFD surface pressure 
solutions.. The matching result is shown in Fig. 14. 

The angle of attack was fixed during the low-boom shaping process. If the resulting configuration has a very 
different lift coefficient than the baseline, one can either change the angle of attack to obtain the required lift 
coefficient or change the cruise altitude to regain the total lift required for the cruise weight (2 IK lbs in this case). 
Moreover, reanalyzing the configuration at different altitudes provides an opportunity to identify the optimal altitude 
for satisfying the low-boom constraint. In this case, after the lift tailoring, the optimal low-boom altitude is 53K ft 
and the reversed equivalent area for the configuration is included in Fig. 14. Unlike A e ,m, that has a fixed end value 
for the given altitude and cruise weight, A e , r usually has different end values as the configuration shape changes. 
This might require some modifications of the target equivalent area during the low-boom shaping process. Because 
the end value of A e ,r for the current configuration is noticeably different from the previous one (see Fig. 14), a new 
low-boom target is generated to improve the low-boom characteristics of the current design (see Fig. 15). 



0 10 20 30 40 50 60 70 80 90 100 110 

Xe (ft) 

Figure 14. Equivalent area analysis after inverse design using mixed -fidelity equivalent area. 
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In general, lift tailoring is considered to be completed once the gaps between A e ,r and a low-boom target are 
small enough to be eliminated by volume shaping. Afterward, the fuselage volume shaping method 29 can be applied 
to match A e , r to a low-boom target, followed by aft signature shaping. 32 The equivalent area analysis results for the 
final design are included in Fig. 15. 

The final design is considered to be feasible for the low-boom constraint (i.e., it has the potential to have an 
under-track ground signature less than 75 PLdB after minor shape modifications using more advanced inverse 
design methods, such as CFD adjoint design methods). The FLOPS estimate of the most aft CG for the final design 
is at v =73.1 ft and the CP from CFD analysis is at x = 72.7 ft. Therefore, the final design is also feasible for the 
flight trim constraint. 



Figure 15. Equivalent area analysis of the final design. 



Figure 16. Comparison of the initial trimmed design and final low-boom design. 

The most significant design changes from the initial trimmed design to the final low-boom design are the camber 
surfaces for wing and tail, as well as the thickening of the front part of fuselage to fill the equivalent area gaps ahead 
of = 33 ft (where the lift distribution has no influence). See Fig. 16 for a comparison of the CFD surface pressure 
contours of these two configurations. Without any explicit constraint on the CP location during the low-boom 
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shaping process, the CP location (72.7 ft) of the final design is ahead of that (73.3 ft) of the initial trimmed design. 
Thus, the final design improves the flight trim margin of the baseline because the camber surface modifications have 
an insignificant effect on the CG. 

E. Post-Design Analyses 

The final design was reanalyzed for its under-track ground signature using a refined volume mesh of 64M cells 
(instead of the design mesh of 23M cells) for Cart3D. The two under- track signatures corresponding to dp/p 
computed from the design mesh and the refined analysis mesh have the same PLdB value of 78.6 with some 
insignificant differences in their shapes (see Fig. 17). 
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Time (ms) 

Figure 17. Reanalysis of the final design with a refined mesh. 
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Figure 18. Off-track ground signatures of the final low-boom design. 

To understand how small oscillations in the ground signature affect its PLdB value, the front and aft parts of the 
ground signature of the final design are replaced by the two red line segments in Fig. 17. The resulting ground 
signature is constructed from three curves: the front [red] linear segment, the [black] ground signature from 18 to 78 
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ms, and the aft [red] linear segment. The loudness calculation shows that this signature has a PLdB value of 74.6. 
This analysis highlights two uncertainty issues in development of a low-boom flight demonstrator. First of all, small 
oscillations of the ground signature of the final design along the two red line segments increase its PLdB value by 4. 
Secondly, assume that one could further shape the configuration so that its ground signature would match the 
constructed ground signature of 74.6 PLdB and achieve the low-boom goal. However, due to uncertainty in the 
propagation model and atmospheric disturbances, the measured ground signature during the flight test might have 
small oscillations. These small oscillations could make the measured groud signature much louder than the predicted 
74.6 PLdB. The sensitivity of PLdB with respect to small oscillations in the ground signature shape increases the 
uncertainty in achieving a low-boom loudness target for a demonstrator project. 

Achieving a trim-feasible low-boom design is a critical step in developing a low-boom flight demonstrator, but a 
low-boom flight demonstrator has many other constraints that are not considered in this paper (such as fuselage - 
wing volume for landing gear). In terms of design method development, the next challenge is to develop a 
systematic process that allows low-boom shaping for ground signatures at all off-track angles. In this paper, off- 
track ground signatures for the final design were calculated to understand the low-boom characteristics at selected 
off-track locations. The under-track ground signature has the highest PLdB value among all calculated ground 
signatures (see Fig. 18). Further design improvement to reduce the loudness of the under-track ground usually 
requires very localized shape changes (to eliminate the small oscillations in the ground signature) and tends to have 
adverse effects on off-track ground signatures. Novel methods are needed to achieve simultaneous improvements of 
low-boom characteristics at all off-track angles. 

IV. Concluding Remarks 

Tremendous advances in research related to low-boom supersonic configurations have led NASA to investigate 
the potential for developing a low-boom supersonic demonstrator. Such a demonstrator can be used for community 
response testing to establish a database for the international community to consider in the development of new sonic 
boom regulations. However, effective exploration of the entire design space (including OML geometry, cruise Mach 
number, vehicle length, and cruise altitude) for a low-boom supersonic flight demonstrator is still a challenge. An 
analysis/design process is proposed to develop a supersonic configuration that is feasible to have a ground signature 
with perceived loudness less than the PLdB noise goal and simultaneously have a trimmed cruise flight. 

The most important feature of the proposed analysis/design process is an early detection of infeasible 
configuration layouts to satisfy both low-boom and flight trim constraints. The paper focuses on providing some 
insight on how to include cruise Mach number, vehicle length, and cruise altitude in the concept exploration process 
and how to use them to satisfy both low-boom and flight trim constraints. The flight trim constraint is implicitly 
included in the low-boom target for reversed equivalent area. A trim-feasible low-boom target allows designers to 
shape a configuration for a low-boom constraint only, because the process automatically enforces the flight trim 
constraint. The validity of the trim constraint is based on an approximation relationship between the derivative of 
reversed equivalent area and lift distribution along the v-axis. This process was shown in the example of a notional 
100ft flight demonstrator concept.. 
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